Decreased heart rate variability (HRV) is associated with increased cardiovascular disease (CVD) risk, including greater left ventricular mass (LVM). Despite their enhanced CVD risk profile, African Americans have been shown to exhibit higher HRV, relative to Whites; however, it is unclear whether this pattern extends to the association between HRV and LVM. r What is the main finding and its importance?
Introduction
Left ventricular hypertrophy (LVH), defined as increased left ventricular mass (LVM), is an important manifestation of hypertension (Burchfiel et al. 2005) . Left ventricular mass is associated with an increased risk of cardiovascular disease (CVD) morbidity and mortality in a graded and continuous fashion (Burchfiel et al. 2005; Drazner et al. 2005) , and both cross-sectional and longitudinal data have shown that African Americans tend to exhibit greater LVM and develop LVH at an earlier age compared with Whites (Hanevold et al. 2004; Lai et al. 2014) . In the general population, the prevalence of LVH is between two and five times greater among African Americans compared with Whites, even after accounting for age, blood pressure, body composition and socioeconomic factors (Drazner et al. 2005) . It is well established that African Americans experience a higher prevalence of hypertension than Whites and other ethnic groups, and hypertension is one of the strongest predictors of LVH (Burchfiel et al. 2005) .
Models of hypertension pathogenesis have implicated autonomic imbalance, with sympathetic nervous system (SNS) hyperactivity as the primary mechanism underlying increased blood pressure (BP; Brook & Julius, 2000; Grassi, 2010) . However, impaired parasympathetic nervous system (PNS) function also is implicated in elevated CVD risk and end-organ damage (Thayer et al. 2010) . Heart rate variability (HRV) is an important index of parasympathetic (i.e. vagal) cardiac influence, determined from the intervals in time from one heart beat to the next (i.e. R-R interval) using continuous recordings of the ECG. Lower HRV is an independent risk factor for all-cause and cardiovascular mortality and is further associated with established CVD risk factors including age, obesity, smoking, total and low-density cholesterol, positive family history of CVD, and diabetes (Thayer et al. 2010) . Low HRV is predictive of hypertension onset (Schroeder et al. 2003) and is diminished in both early and later stages of hypertension (Konrady et al. 2001; Kowalewski et al. 2005; Shehab & Abdulle, 2011; Kilit et al. 2015; Ozel et al. 2015) . Importantly, previous research has also shown a consistent inverse relationship between HRV and LVH (Kohara et al. 1995; Kowalewski et al. 2005; Melillo et al. 2012) and this association has been demonstrated to be independent of other typically robust risk factors, including age and disease aetiology (Alter et al. 2006) .
It has been suggested that lower HRV may be one factor accounting for the excess CVD burden among African Americans (Lampert et al. 2005) . Although several studies reported that HRV was reduced in African Americans (Lampert et al. 2005; Choi et al. 2006) , more recent findings have suggested that African Americans more typically exhibit higher HRV in comparison to Whites. Notably, in a recent meta-analysis of 17 studies spanning both clinical and non-clinical populations (composite n > 11,000), HRV was found to be higher among African Americans compared with Whites (Hill et al. 2015) . This pattern remained robust even after accounting for significant covariates, including age and health status. Interestingly, higher HRV among African Americans compared with Whites has been observed as early as the first 6 months of life (Propper et al. 2008) . Others have reported higher HRV in African American adolescent twins compared with Whites and shown that this difference persists over time (Li et al. 2009 ). Despite these findings, the literature regarding the implications of higher HRV among African Americans is scant; thus, it is not yet clear whether this counterintuitive pattern is clinically meaningful. Based upon previous research, we hypothesized that African Americans would exhibit both greater HRV and greater LVM compared with Whites. We also sought to determine whether the association between HRV and LVM differed as a function of race.
Methods
Ethical approval. The study protocol and all procedures were approved by Duke University Medical Center Institutional Review Board (protocol no. 00012323) and in accord with the principles of the Declaration of Helsinki. Written informed consent was obtained from all subjects before participation.
Participants and procedures. Participants were 148 employed men and women between the ages of 25 and 45 years who participated in the Duke Biobehavioral Investigation of Hypertension (BIOH). Details of the study and primary results were published previously (Sherwood et al. 2002) . No subjects had a screening blood pressure >160/95 mmHg or weighed >125% of ideal body weight. Participant ethnicity was based on self-report. Use of cardiovascular medications or tobacco products were exclusion criteria, and all participants were instructed to avoid strenuous exercise or use of caffeine before the study session. The present study included individuals with either normal BP or untreated clinic BP in the range of 130-160/85-99 mmHg.
Measures.
Echocardiogram. A two-dimensional echocardiogram was performed on all patients by an experienced sonographer using a Hewlett-Packard imaging system, equipped with a 2.5 MHz phased array transducer. Images were obtained using harmonic imaging with the patient in the partial left lateral decubitus position, and were recorded on S-VHS videotape. These studies were subsequently quantified by a single experienced, blinded observer. Left ventricular end-diastolic diameter, posterior wall thickness and interventricular septal thickness were measured at end diastole using a leading edge to leading edge convention. Left ventricular mass was estimated using a cube function model. To adjust for variations in heart size attributable to differences in body size, the left ventricular mass index (LVMI) was calculated as ventricular mass/height 2.7 , as previously described (de Simone et al. 1995) . Heart rate variability. Methods for the derivation of HRV in the present sample have been described previously (Watkins et al. 1996) . Briefly, after 20 min resting in the supine posture, 5 min of continuous R-R interval measurements were recorded via ECG at a sampling rate of 1000 Hz for assessment of HRV. The R-R intervals were edited for artifacts, linearly interpolated, and resampled at a frequency of 4 Hz. A fast Fourier transform was then applied to the interpolated data after detrending and application of a Hanning filtering window. Power spectra were derived using the Welch algorithm, and HRV was estimated from the R-R interval power summed across the high-frequency (HF) power band (i.e. 0.15-0.45 Hz). The HF-HRV power was logarithmically transformed (i.e. lnHF-HRV) before analysis in order to normalize skewness.
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Covariates. Previous research suggests that ambulatory blood pressure (ABP) more strongly reflects daily pressure-related afterload on the left ventricle compared with clinic BP (Sherwood et al. 2002) ; therefore, ABP was obtained from all participants during a typical workday. The AccuTracker II ABP Monitor (Suntech AccuTracker II Raleigh, NC, USA), an ausculatory, non-invasive device, was worn for 24 h, from between 08.00 and 10.00 h until the same time the following morning. The device was programmed to take four BP measurements per hour at random intervals during the day and to take two BP readings per hour during sleeping hours. All BP readings were reviewed and artifactual readings deleted following criteria previously described (Sherwood et al. 2002) . Mean 24 h systolic blood pressure (SBP 24 ) and diastolic blood pressure (DBP 24 ) values were computed based on all valid readings obtained during waking hours and during nighttime sleep. In addition to ABP, we also controlled for age, sex and body mass index (BMI), as men tend to have greater BMI and larger LVM compared with women. The BMI was determined from height and weight measurements taken for each participant at the time of recruitment using a clinical scale and stadiometer.
Data analysis. Analysis of variance and χ 2 tests were used to assess differences in demographic, haemodynamic and echocardiographic characteristics between African American and White subjects. Differences in HF-HRV and LVMI between African Americans and Whites also were compared; age, sex, BMI and ABP served as covariates. Hierarchical regression models were used to examine whether HF-HRV, race and/or their interaction were related to LVMI, while accounting for the influence of demographic factors and BP. All analyses were performed using the SAS (Cary, NC, USA) software system; significance was set at P < 0.05.
Results
Comparison of sample characteristics by race. Sample characteristics (mean + SD, or percentage) are presented separately by race in Table 1 . The White subsample was composed of a larger proportion of men (65%) compared with the African Americans (47%; P = 0.031). Body mass index was higher among African Americans compared with Whites (P = 0.007). There were no differences in age, ambulatory BP, HF-HRV or LVMI between African Americans and Whites in unadjusted models. There was also a non-significant trend for the race × sex interaction [F(1,147) = 2.60, P = 0.109]. As shown in Fig. 1B , there was virtually no difference in HF-HRV between African American and White women; however, African American men exhibited higher resting HF-HRV compared with White men. Multivariate associations with left ventricular mass. As shown in the hierarchical regression results in Table 2 , sex accounted for 5% of the variance in LVMI (β = 0.24, standard error (SE) = 1.41, P < 0.01) in model 1. Body mass index, ABP and HF-HRV were entered in model 2, with HF-HRV emerging as the only additional significant predictor (β = 0.19, SE = 0.65, P < 0.05) of LVMI. This model explained an additional 9% of the variance in LVMI. The HF-HRV × race interaction term was entered alone in model 3 and significantly (β = 1.06, SE = 1.16, P < 0.05) predicted an additional 2% of the variance in LVMI. As depicted in Fig. 2 , the relationship between HF-HRV and LVMI differed by race. An examination of the simple slopes revealed that HF-HRV was positively and significantly associated with LVMI among African Americans (b = 2.76, SE = 0.86, 95% confidence interval [1.06, 4.47]) but this effect was not significant in Whites (b = 0.09, SE = 0.87, 95% confidence interval [−1.63, 1.81]). We considered the possibility that differential rates of high blood pressure among Whites, relative to African Americans in our sample, might have accounted for the observed association between HF-HRV and LVMI. Separate regression models were computed for individuals with normal pressure and those with hypertension defined using JNC-7 criteria of daytime ambulatory SBP ࣙ 135 mmHg or DBP ࣙ 85 mmHg. Notably, only 33 (19 African Americans and 14 Whites) of the 148 participants met these more stringent criteria for hypertension that excludes those with high clinic BP attributable to the 'white coat' effect. The HF-HRV × race interaction was not statistically significant for those with either normal (β = 0.89, SE = 1.23, P = 0.089) or high blood pressure (β = 2.05, SE = 3.13, P = 0.087), but in both instances, trended in the expected direction and was consistent with the pattern observed in the whole sample.
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Discussion
The purpose of the present study was to examine racial differences in HRV and LVM and to determine whether the association between HRV and LVM differed as a function of race. Although there were no differences in either HF-HRV or LVMI as a function of race, regression analysis revealed a significant interaction between race and HF-HRV such that HF-HRV was positively associated with LVMI among African Americans but was unrelated to LVMI in Whites. This pattern was observed while accounting for the potential influence of several factors (i.e. age, sex, BMI and ABP), which have previously been shown to influence both HRV and LVM.
Although research has typically conceptualized autonomic imbalance primarily from the perspective of heightened SNS activity, there has been resurgent interest in further explicating the role of parasympathetic functioning, and particularly HRV, in disease onset and trajectory (Thayer et al. 2010) . Although regulation of the heart involves dynamic interactions of both SNS and PNS activity, previous research has shown that in resting conditions, parasympathetic activity is predominant (Berntson et al. 1997) . There is consistent evidence that lower PNS activity as indexed by HRV is associated with increased CVD risk, including hypertension onset, CVD and all-cause mortality (Thayer et al. 2010) . In contrast, higher HRV is generally considered to be cardioprotective and is regarded as an indicator of better health and well-being (Kemp & Quintana, 2013) . Based on this conceptualization, it would be expected that higher HRV among African Americans should convey some cardioprotective benefit. However, weighed against the well-documented evidence of a greater CVD risk profile, including greater rates of hypertension and the strong association between hypertension and greater LVM, our findings of a positive association Race, heart rate variability and left ventricular mass between HF-HRV and LVM among African Americans, seemingly, contradicts this notion. Despite this, there is modest evidence supporting a differential relationship between HRV and other CVD risk factors among African Americans. For example, one study reported a pattern of both higher systemic vascular resistance, an index of microvascular function, and higher HRV at baseline in a sample of middle-aged African American men compared with White men of a similar age (Dorr et al. 2007) . Other research has shown that the link between HRV and psychosocial CVD risk factors may also be divergent among African Americans. Notably, in studies of predominately White or European samples, depression is associated with lower HRV, increased risk of CVD onset and worse prognosis among those with CVD (Thayer et al. 2010; Kemp & Quintana, 2013; Keen et al. 2015) . However, a recent study in middle-aged African American adults observed a positive association between HRV and self-reported depressive symptoms (Keen et al. 2015) . Our findings add to this small body of research documenting that greater HRV is positively associated with markers of increased CVD risk among African Americans.
As others have indicated, a number of factors, including age, sex and relative health status, may moderate the relationship between race and HRV. Indeed, sex differences in HRV have been shown, with women typically exhibiting higher HRV relative to men, irrespective of race (Hill et al. 2015) . In the present study, although there was not a statistically significant race × sex interaction, there was some suggestion that HF-HRV was higher among African American compared with White men, but similar amongst women of both races (Fig. 1B) . As these results suggest, racial differences in HRV might be more pronounced among men relative to women, although further research is needed to explore this possibility. In addition, other factors, such as genetics, might also play an important role. For instance, a recent study in a Brazilian cohort (n >11,000) found that individuals who identified as 'Black' exhibited higher resting state HRV compared with individuals who identified as 'Brown' , and both groups displayed higher HRV relative to Brazilians who identified as 'White' (Kemp et al. 2016) . Importantly, it has been established that Brazilians and African Americans share common genetic ancestry, and similar disparities in epidemiological data have been noted in rates of The simple slope for HF-HRV predicting LVMI was significant for African Americans (P = 0.002) but not for Whites (P = 0.919).
hypertension and CVD among Brazilians as observed for African Americans in the USA (Kemp et al. 2016) . Although previous research has found no racial differences in the relative contribution of genetic influences on HRV (Li et al. 2009 ), other work has suggested that genetics may more strongly contribute to vascular functioning among African Americans compared with Whites (Hill et al. 2014) . This raises the possibility that genetic influences may account, at least in part, for the racial difference in HRV.
Our findings for the effect of sex on LVMI are consistent with previous studies, showing relatively greater LVM to be evident among men compared with women (Burchfiel et al. 2005; Drazner et al. 2005; Lai et al. 2014) . Although previous research has found greater LVM among African Americans relative to Whites (e.g. Hanevold et al. 2004; Burchfiel et al. 2005; Drazner et al. 2005; Lai et al. 2014) , similar differences in our sample were not robust. In addition, prior studies conducted with older and/or more clinically impaired samples also have shown a significant inverse relationship between HRV and LVM in African Americans and Whites (Narayan et al. 2002) . In contrast, our study was composed of relatively young and healthy participants. Only about one-third of our sample exhibited BP in the hypertensive range, and accordingly, the extent of left ventricular remodelling typically did not meet criteria for LVH. We also examined whether differences in relative rates of high blood pressure might have been driving our observed association between HF-HRV and LVMI. In exploratory analyses, the HF-HRV × race interaction was not statistically significant among individuals with either normal or high blood pressure; however, in both groups, results were similar to those observed across the entire sample. These additional observations indicate that the differing relationship between HF-HRV and LVMI observed among African Americans and Whites in our study was independent of the presence of hypertension.
Despite previous evidence indicating greater HRV among African Americans compared with Whites (Hill et al. 2015) , the aetiology of this pattern is not well understood. According to classical perspectives on the early pathophysiology of hypertension, the resulting state of autonomic imbalance is characterized by SNS hyperarousal and attenuated parasympathetic cardiac activity (i.e. lower HRV; Brook & Julius, 2000) . However, the studies that guided the development of this model were largely and/or exclusively based on White populations; subsequent evidence has shown a different developmental pattern amongst African Americans. Indeed, for African Americans vascular dysfunction, including elevated systemic vascular resistance, appears to precede the development of hypertension (Taherzadeh et al. 2010) . In the context of a more vascular origin for hypertension, it is feasible that there exists an alternative mode of autonomic imbalance, in which central and peripheral SNS activity and cardiac PNS activity are both elevated. Overall, an interpretation of the aetiology of racial differences in HRV and the significance of this pattern in relationship to disease risk remains speculative. One clear indication from the emerging evidence is that current interpretative assumptions regarding the meaning of higher HRV may not be universal for all groups. This may have significant implications for the utility and information value of HRV in risk stratification, particularly among African Americans, and underscores the need for additional research on the relationships among race, HRV and other CVD risk factors in both healthy and clinical populations.
Given that this was a cross-sectional study, the data do not permit inference regarding the cause-effect relationship between HRV and LVM. Although our relatively large sample size and inclusion of stringent covariates (i.e. ABP) do provide support for the robustness of our observations, our sample was composed of a larger proportion of men than women. This sex difference might have contributed to a lack of statistical power in tests of the sex × race interaction for LVMI and HRV. In addition, we only assessed HF-HRV, a single frequency domain measure of HRV. Nonetheless, HF-HRV derived from short-term ECG recordings is a widely used index of parasympathetic cardiac modulation, and previous research has shown a strong correlation between HF-HRV and time domain HRV metrics (Berntson et al. 1997) . Replication of our results using a wider range of HRV parameters is clearly warranted.
To our knowledge, these are the first data to demonstrate that race moderates the relationship between HRV and LVM. These results extend previous research by demonstrating that race may be an important factor in research examining the association between parasympathetic cardiac control and other CVD risk factors. Further research examining the relationship between race and cardiac autonomic function is needed to determine whether the apparent paradox of greater HRV among African Americans is cardioprotective or a physiological epiphenomenon.
